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and are referred to as pro-B cells (Basel nomenclature)University of California, San Diego
or as fraction A cells (Hardy nomenclature) (Hardy et al.,La Jolla, California 92093
1991; Osmond et al., 1998). Fraction A cells express2 Laboratory for Lymphocyte Development
B220 and CD43 but lack HSA and BP1. The majority ofRiken Research Center for Allergy and Immunology
fraction A cells have not yet undergone IgH chain geneFaculty of Medicine
rearrangement. Fraction B cells express B220, CD43,Kyoto University
and HSA and carry IgH DJ rearrangements. Fraction CSakyo-ku, Kyoto 606-8507
cells express B220, CD43, HSA, and BP-1 and containJapan
both IgH DJ and V(D)J gene rearrangements. Once a
V(D)J rearrangement generates a functional IgH chain
product, the heavy chain associates with the surrogateSummary
light chains, Vpre-B and -5, to form the pre-BCR. Pre-
BCR mediated signaling subsequently blocks RAG ac-E2A proteins are essential for the development of B
tivity, downregulates CD43 expression, and promotescells beyond the progenitor cell stage. Here we have
cellular expansion (Manz et al., 1988; Nussenzweig etisolated E2A-deficient bone marrow-derived cells that
al., 1988). Expanding pre-B cells will eventually undergohave the ability to grow long-term in vitro and coex-
G1 arrest, reactivate RAG transcription, and initiate as-press, at low levels, regulators of different hematopoi-
sembly of the Ig light chain gene loci.etic cell lineages. When transferred into lethally irradi-
B cell commitment and development requires the ac-ated hosts, E2A-deficient hematopoietic progenitor
tivities of multiple transcription factors, including thecells reconstitute the T, NK, myeloid, dendritic, and
early B cell factor (EBF), the paired homeodomain-con-erythroid lineages but fail to develop into mature B
taining protein Pax5, and the basic helix-loop-helixlineage cells. Enforced expression of E47 in E2A-defi-
(HLH) proteins E12 and E47 (Warren and Rothenberg,cient hematopoietic progenitor cells directly activates
2003; Schebesta et al., 2002a). In the absence of EBF,the transcription of a subset of B lineage-specific
B cell development is arrested in fraction A, prior to thegenes, including 5, mb-1, and Pax5. In contrast, E47
onset of IgH DJ rearrangement (Lin and Grosschedl,inhibits the expression of regulators of other hemato-
1995). B cell development in Pax5-deficient mice is per-poietic lineages, including TCF-1 and GATA-1. These
turbed at the pro-B cell stage (Urbanek et al., 1994;observations indicate that E2A-deficient hematopoi-
Hesslein et al., 2003). Elegant studies involving Pax5-etic progenitor cells remain pluripotent after long-term
deficient pro-B cells have demonstrated that these cellsculture in vitro and that E2A proteins play a critical
are not yet committed to the B cell lineage but ratherrole in B cell commitment.
show a wide range of differentiation abilities (Nutt et
al., 1999; Rolink et al., 1999). Transfer of Pax5-deficientIntroduction
pro-B cells into RAG2/ mice results in long-term re-
constitution of T, NK, erythroid, dendritic, and myeloidThe development of hematopoietic cells is initiated
development, although reconstitution of the myeloidthroughout the life span in adult animals from pluripotent
and erythroid compartments appears to be less efficient
stem cells that have extensive self-renewal capacity
than that of T and NK cell lineages (Nutt et al., 1999;
(Morrison and Weissman, 1994; Weissman et al., 2001).
Rolink et al., 1999; Schaniel et al., 2002a, 2002b). Ectopic
Hematopoietic stem cells generate progressively com- expression of Pax5 in Pax5-deficient pro-B cells limits
mitted precursors of different lineages. Although the the development to that of the B cell lineage, demonstra-
mechanisms of commitment are largely unknown, pro- ting that Pax5 acts to commit precursor cells to the B cell
genitors that represent the intermediate stages have lineage (Schebesta et al., 2002b; Mikkola et al., 2002).
been characterized. Among those more restricted pre- The bHLH proteins E12 and E47 are encoded by the
cursor cells are the common lymphoid progenitor (CLP), E2A gene (Murre et al., 1989). They contain a basic
the common myeloid progenitor (CMP), and the B/myeloid region that is required for DNA binding, and a helix-
and T/myeloid bipotential progenitor cells. CLP cells loop-helix domain essential for dimerization. E12 and
can develop into B, T, and NK lymphocytes but not E47 arise by differential splicing of an exon encoding
myeloid cells (Kondo et al., 1997; Martin et al., 2003). the HLH region. E12 binds with relatively low affinity to
CMP cells have the ability to differentiate into all myeloid the E2 box binding site, whereas E47 binds with high
lineages (Akashi et al., 2000). Bipotential B/myeloid and affinity. The E2A proteins belong to a subset of HLH
T/myeloid cells can develop into either the myeloid or proteins, designated as class I HLH proteins or E pro-
lymphoid cell lineage (Montecino-Rodriguez et al., 2001; teins (Massari and Murre, 2000). E proteins include E12,
Katsura, 2002). E47, E2-2, HEB, and the Drosophila gene product
The development of B lineage cells can be character- daughterless. In B lineage cells, the predominant E2 box
DNA binding activity consists of E47 homodimers and/or
E47/E2-2 heterodimers (Sayegh et al., 2003). In develop-*Correspondence: murre@biomail.ucsd.edu
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ing T cells, the E2A proteins form heterodimers with of culture the cells were transferred and grown in the
presence of the same cytokines and a subconfluentHEB (Sawada and Littman, 1993; Bain et al., 2001). The
majority of B cells in E2A-deficient mice are arrested in culture of S17 stromal cells. After 3 weeks of culture a
rapidly expanding population grew out. Interestingly,fraction A (Bain et al., 1994, 1997a; Zhuang et al., 1994).
However, E2A-deficient B cells have the ability to devel- this population of cells continued to expand over time.
To examine the phenotype of this population, cells wereop into fraction B cells, albeit with very low efficiency
(Bain et al., 1997a). IgH DJ and V(D)J rearrangements stained and analyzed by flow cytometry for the presence
of B220, IgM, CD43, CD19, and c-kit. The expandingand CD19, mb-1, 5, and Pax5 transcripts are not de-
tectable in bone marrow cells derived from E2A-defi- cells expressed B220, c-kit, and CD43 but lacked IgM
and CD19 expression (Figure 1A). As described above,cient mice (Bain et al., 1997a). Ectopic expression stud-
ies employing EBF and E2A have demonstrated that previous observations have indicated that the majority
of E2A-deficient cells are arrested in fraction A and lackthese factors act to directly activate the expression of
5, Vpre-B, and mb-1 (Kee and Murre, 1998; Sigvardsson HSA and BP-1 expression (Bain et al., 1997a). However,
a small proportion of E2A-deficient pro-B cells ex-et al., 1997, 2002). E2A has also been shown to bind
regulatory elements of the EBF promoter and activate presses HSA and is arrested in fraction B (Bain et al.,
1997a). To examine the early defect in B cell develop-EBF expression in a macrophage cell line (Greenbaum
and Zhuang, 2002; Kee and Murre, 1998). Furthermore, ment, cells were stained for the presence of HSA and
BP-1. The expanding cells expressed HSA but lackedEBF and E47 have the ability to act in concert to directly
activate the expression of Pax5 (O’Riordan and Gros- BP-1 expression (Figure 1A). Thus, the cultured cells
express markers normally characteristic of fraction Bschedl, 1999). These studies have suggested a hierarchy
of transcription factors that act in synergy to promote cells.
Since the E2A-deficient mice were generated by inser-B cell development (Schebesta et al., 2002a).
Here we have isolated E2A-deficient bone marrow- tion of the neomycin gene into the E12 exon while leaving
the alternative E47-specific exon intact, it was possiblederived cells that have the long-term ability to grow in
vitro on stromal cells in the presence of IL7, SCF, and that a small fraction of E2A-deficient progenitor cells
managed to generate E47 mRNA by alternative splicing,FLT3-L. E2A-deficient hematopoietic progenitor cells
resemble those of pro-B cells and express B220 and promoting differentiation to the fraction B cell stage. To
examine the expression pattern of E12 and E47, RNACD43, but lack CD19, and carry IgH DJ, but lack IgH
V(D)J rearrangements. Low levels of B lineage-specific was isolated and analyzed by RT-PCR. E12 transcripts
were not detectable in RNA derived from E2A-deficienttranscripts, including EBF and 5, can be detected in
E2A-deficient bone marrow-derived cells. Additionally, progenitor B cells (Figure 1B). E47 transcripts were
barely detectable, and E47 protein was virtually absenttranscripts derived from other hematopoietic cell lin-
eages are present, including GATA-1, GATA-3, and (Figures 1B and 1C). Thus, the E2A-deficient cell line
that was generated lacked significant levels of E2A ex-TCF-1. Transfer of E2A-deficient hematopoietic progeni-
tor cells into lethally irradiated host results in the devel- pression. In contrast, both E2-2 and HEB were ex-
pressed at levels comparable to that of wild-type pro-Bopment of the T, NK, myeloid, dendritic, and erythroid
cell lineages. Overexpression of E47 directly activates cells (Figure 1B).
the transcription of B lineage-specific genes, including
5, RAG1, and mb-1. On the other hand, TCF-1, GATA-1, E2A-Deficient Bone Marrow-Derived Cells Carry IgH
and c-fms transcript levels are decreased by enforced DJ Rearrangements and Transcribe Genes Normally
E47 expression. On the basis of these observations we Expressed in Different Hematopoietic Cell Lineages
propose a model in which E2A proteins perform a dual E2A-deficient bone marrow cells lack detectable IgH DJ
function in B cell commitment: They activate B lineage- joints (Bain et al., 1994, 1997a; Zhuang et al., 1994). To
specific gene expression and repress the transcription determine the rearrangement status of the IgH and L
of regulators that promote the development of alterna- chain genes in the cultured E2A-deficient bone marrow-
tive hematopoietic cell lineages. derived cells, DNA was isolated and examined by PCR
for Ig gene rearrangements using the appropriate prim-
ers. Surprisingly, E2A-deficient bone marrow-derivedResults
cells carried IgH DJ joints (Figure 2A). In contrast, re-
arrangements involving VJ558 and V7183 were not detect-In Vitro Culture of E2A-Deficient Bone
Marrow-Derived Cells able in E2A-deficient bone marrow-derived cells (Figure
2B). E2A-deficient bone marrow-derived cells alsoPrevious observations have indicated that B cell devel-
opment in E2A-deficient mice is blocked in fraction A lacked TCR D2-J2 joints (Figure 2C).
To examine the expression of B lineage-specific(Bain et al., 1997a). However, a small fraction of E2A-
deficient bone marrow cells can be detected in fraction genes in E2A-deficient bone marrow-derived cells,
mRNA was isolated and analyzed by RT-PCR. B29 andB (Bain et al., 1997a). To examine the early defect in B
cell development in greater detail, a pool of progenitor I transcripts were present at similar levels as compared
to wild-type pro-B cells. However, 5 and mb-1expres-cells was isolated from E2A-deficient bone marrow cells
by depletion of lineage marker (Lin)-positive cells using sion was barely detectable (Figure 2D). Additionally, EBF
and Pax5 were expressed at significant lower levelsmagnetic beads. Approximately 1  106 cells were ob-
tained in the flowthrough fraction that was defined as when compared to wild-type pro-B cells (Figure 2D).
Pluripotential hematopoietic stem cells coexpressthe Lin population. Initially, Lin cells were cultured in
the presence of IL7, SCF, and FLT3-L. After 2 weeks genes associated with distinct lineages, a phenomenon
E2A-Deficient Hematopoietic Progenitor Cells
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Figure 1. In Vitro-Cultured E2A-Deficient Bone Marrow Cells Express Markers Characteristic of Pro-B Lineage Cells
(A) E2A-deficient Lin bone marrow cells were purified and cultured in the presence of IL7, FLT-3L, and SCF on a monolayer of S17 stromal
cells. Cells were analyzed by flow cytometry for the expression of B220, CD19, IgM, CD43, BP-1, and c-kit after 1 month in culture. The upper
panel indicates E2A-deficient pro-B cells. The lower panel shows wild-type pro-B cells isolated from IL7 cultures.
(B) Expression of E proteins in E2A-deficient bone marrow-derived cells. RNA was isolated from cultured E2A-deficient cells and wild-type
pro-B cells and analyzed by RT-PCR for the expression of E12, E47, HEB, and E2-2. Five-fold dilutions are shown.
(C) E47 protein levels are virtually absent in nuclear extracts derived from cultured E2A-deficient bone marrow cells. Western blot analysis is
shown using an E47 antibody (32.1).
referred to as multilineage priming (Envers and Greaves, 106 E2A-deficient bone marrow-derived cells (CD45.2)
were mixed with 2  105 wild-type bone marrow cells1998). To determine whether E2A-deficient bone mar-
row-derived cells simultaneously express different lin- (CD45.1) and transferred into CD45.1 mice. E2A-defi-
cient bone marrow-derived cells could be distinguishedeage-specific genes, mRNA from E2A-deficient cells
was examined for the presence of GATA-3, TCF-1, c-fms, from the host and wild-type donor cells using the CD45.2
marker. Four weeks posttransfer, thymocytes were iso-GATA-1, EPO-R, and G-CSFR by RT-PCR. Interestingly,
each of these genes was expressed in E2A-deficient lated and analyzed for CD45.2 expression (Figure 3A).
Strikingly, approximately 67% of the thymocyte popula-cells but not in committed pro-B cells (Figure 2D). Taken
together, these data indicate that cultured E2A-deficient tion expressed CD45.2, indicating that E2A-deficient
bone marrow-derived cells have the ability to rapidly andbone marrow-derived cells simultaneously express a
distinct subset of lineage-specific genes. efficiently reconstitute the thymus of irradiated hosts. To
examine the phenotype of the thymocytes, cells were
stained for the presence of CD4, CD8, TCR, andIn Vitro-Cultured E2A-Deficient Bone Marrow-Derived
Cells Reconstitute T and NK but Not TCR	 and analyzed by flow cytometry (Figure 3A).
FACS analysis showed that thymocytes derived fromB Lineage Development
The observations described above indicated that E2A- E2A-deficient bone marrow-derived cells were repre-
sented in all of the major thymocyte developmentaldeficient bone marrow-derived cells coexpress different
lineage-specific genes. The presence of multilineage- subsets (Figure 3A). We also observed that the do-
nor-derived thymocytes expressed low levels of B220,specific transcripts has also been observed in Pax5-
deficient progenitor B cells that are pluripotent (Nutt providing further evidence that the reconstituted thymo-
cytes were derived from the E2A-deficient bone marrow-et al., 1999; Rolink et al., 1999). To determine whether
similarly E2A-deficient bone marrow-derived cells ex- derived cells (T.I., unpublished data). The spleen was
also reconstituted with CD45.2-positive cells, albeit lesshibit pluripotent abilities, E2A-deficient cells were trans-
ferred into lethally irradiated hosts. Specifically, 1–5  robustly than that observed for the thymus (Figure 3B).
Immunity
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Figure 2. E2A-Deficient Bone Marrow-Derived Cells Express a Subset of B Lineage-Specific Genes and Carry IgH DJ Rearrangements
(A) Analysis of IgH DJ rearrangements in E2A-deficient bone marrow-derived cells. DNA was isolated from E2A-deficient bone marrow-derived
cells, in vitro-cultured pro-B cells, S17 cells, and purified CD19 BM cells. DNA was analyzed by PCR for the presence of IgH DJ rearrangements
using the appropriate primers.
(B) Analysis of IgH V(D)J rearrangements in E2A-deficient bone marrow-derived cells. DNA was isolated from E2A-deficient bone marrow-
derived cells, S17 cells, and CD19 BM cells and analyzed by PCR for the presence of IgH V(D)J gene rearrangements using primers as indicated.
(C) Analysis of TCR DJ rearrangement in E2A-deficient bone marrow-derived cells, wild-type pro-B cells, and thymus. Genomic DNA was
isolated from E2A-deficient bone marrow-derived cells, in vitro-cultured pro-B cells, S17 cells, and thymocytes. DNA was analyzed for the
presence of TCR rearrangements using primers with specificity for D2-J2 joints.
(D) Analysis of hematopoietic lineage-specific transcripts in E2A-deficient bone marrow-derived cells. mRNA was isolated from E2A-deficient
bone marrow-derived cells, pro-B cells cultured in vitro in the presence of IL7, S17 cells, thymocytes, and cells isolated from bone marrow.
RNA was analyzed by RT-PCR for the expression of 5, mb-1, RAG1, I, B29, EBF, Pax5, Tcf-1, GATA-1, GATA-3, EPO-R, c-fms, G-CSFR,
and -actin using the appropriate primers. Five-fold serial dilutions are shown.
Splenocytes were examined for the presence of T and from the E2A-deficient donor cells (Figure 3B). Taken
together, the observations indicated that E2A-deficientNK cells derived from donor cells. As expected, both
donor-derived CD4 and CD8 SP cells were detected in bone marrow-derived cells have the ability to reconsti-
tute T and NK lineage development.the spleen (Figure 3B).
Previous studies have indicated that E2A-deficient To determine whether E2A-deficient progenitor cells
home to the bone marrow in the irradiated recipients,mice develop T cell lymphoma (Bain et al., 1997b). In
the recipients we have not observed the presence of bone marrow cells were isolated, stained for the pres-
ence of CD45.2, B220, CD19, CD43, HSA, BP-1, and IgMlymphomas within a 3 month period (T.I., unpublished
data). A more extensive analysis will be required to de- and analyzed by flow cytometry. As expected, donor-
derived B cells expressing CD19 and IgM were absenttermine whether E2A-deficient donor cells will also de-
velop into lymphoma. in both the bone marrow and the spleen (Figure 3C
and data not shown). However, the donor-derived B220-To test whether E2A-deficient bone marrow-derived
cells have the ability to mature into the NK cell lineage, positive cells expressed CD43 and HSA but lacked BP-1
expression (Figure 3C). The absolute number of E2A-cells were stained for the expression of NK1.1 and ana-
lyzed by flow cytometry. Indeed, NK cells developed deficient progenitor cells that was present in the bone
E2A-Deficient Hematopoietic Progenitor Cells
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Figure 3. Reconstitution of T Lineage Development by E2A-Deficient Bone Marrow-Derived Cells
(A) Thymus reconstitution by E2A-deficient bone marrow-derived cells. 1  106 E2A-deficient bone marrow-derived cells (CD45.2) were mixed
with 2  105 wild-type BM cells (CD45.1) and injected into lethally irradiated mice (CD45.1). Four weeks posttransplantation, thymii from
irradiated mice were analyzed for the expression of CD45.2, CD4, CD8, TCR, and TCR	 using flow cytometry. Cells were gated on the
CD45.2-positive population. CD45.2-negative cells were also analyzed for the expression of CD4 and CD8.
(B) Appearance of T and NK cells derived from E2A-deficient bone marrow-derived cells in the spleen of lethally irradiated mice 4 weeks
postinjection. Cells were gated on the CD45.2 population.
(C) Mature B lineage cells fail to develop from E2A-deficient bone marrow-derived cells. Bone marrow cells were examined for the expression
of B220, CD19, CD43, HSA, BP-1, and IgM by flow cytometry. Cells were gated on the CD45.2 population.
(D) Wild-type pro-B cells reconstitute B lineage development. Lethally irradiated mice were injected with 5  106 wild-type pro-B cells. Four
weeks posttransfer splenocytes were examined for the expression of CD45.2, B220, and IgM.
(E) TCR D2-J2 gene rearrangement in thymocytes derived from E2A-deficient thymocytes. Thymocytes were sorted for the expression of
CD45.2 cells. DNA was derived from the sorted cells as well as from RAG2-deficient and wild-type thymocytes. DNA derived from these
populations was analyzed for the presence of TCR D2-J2 gene rearrangements. Germline product is indicated. Rearranged DJ joints
are shown.
marrow, 4 weeks postreconstitution, was relatively high was isolated and examined for the presence of TCR
D2-J2 joints (Figure 3E). As expected, cells derived(2.5 106), indicating that the injected cells engrafted ef-
ficiently. from E2A-deficient progenitor cells showed significant
levels of TCR DJ rearrangements (Figure 3E). Taken to-To confirm that wild-type pro-B cells do not have the
ability to reconstitute T lineage development, 5  106 gether, these observations indicate that bone marrow
cells derived from E2A-deficient mice have the abilitywild-type bone marrow-derived cells were mixed with
wild-type bone marrow cells and transferred into a le- to reconstitute T and NK cell development in irradi-
ated mice.thally irradiated host. Donor-derived CD45.2 cells were
not present in the thymus (data not shown). On the other
hand, 4 weeks posttransfer a significant proportion of E2A-Deficient Bone Marrow-Derived Cells Have
the Ability to Develop into Macrophages,donor-derived B cells expressing IgM were detectable
in the spleen (Figure 3D). Granulocytes, Erythrocytes, and Dendritic Cells
The data described above indicate that E2A-deficientTo examine whether TCR chain gene rearrange-
ments were present in donor-derived thymocytes, DNA bone marrow-derived cells are not committed to the B
Immunity
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Figure 4. E2A-Deficient Bone Marrow-
Derived Cells Have the Ability to Develop into
Macrophages, Granulocytes, Erythrocytes,
and Dendritic Cells
Lethally irradiated mice were injected with
a mixture of E2A-deficient bone marrow-
derived cells and wild-type bone marrow cells
and analyzed 4 weeks posttransfer. BM cells
were examined for the expression of CD45.2,
GR-1, Mac-1, TER119, CD11c, and CD8 by
flow cytometry.
cell lineage. Rather they have the potential to differenti- pression after incubation with IL15 for a period of 7 days
(Figure 5B). Taken together, these data indicate thatate into the T and NK cell lineages. To determine whether
E2A-deficient bone marrow-derived cells also have the E2A-deficient progenitor cells have the ability to develop
in vitro into cells that express markers characteristic ofability to develop into myeloid cells, cells were isolated
from the bone marrow 4 weeks posttransplantation. Iso- the NK and myeloid cell lineages.
lated cells were stained for the expression of CD45.2 as
well as Mac-1 and Gr-1 and analyzed by flow cytometry Reconstitution of Hematopoietic Development
(Figure 4). Both macrophages (Gr-1int;Mac-1hi) and gran- Is a Clonal Property of E2A-Deficient
ulocytes (Gr-1hi;Mac-1hi) were present in the recipients Hematopoietic Progenitor Cells
(Figure 4). It is conceivable that the reconstitution of hematopoietic
To determine whether E2A-deficient bone marrow- development by E2A-deficient progenitor cells is a
derived cells also have the ability to develop into the clonal property of the cells. On the other hand, rare
erythroid cell lineage, bone marrow cells were examined pluripotential cells might be present in the E2A-deficient
for the presence of donor-derived TER119 cells. Four cell population. Alternatively, the E2A-deficient culture
weeks posttransfer of donor cells into irradiated hosts, might consist of a mixture of cells with distinct develop-
a significant population was detected in the bone mar- mental potentials. To distinguish between these possi-
row of the recipients that expressed both CD45.2 and bilities, single cells were isolated from E2A-deficient he-
Ter119 (Figure 4). Finally, recipients were analyzed for matopoietic progenitor cells by cell sorting. The sorted
the presence of donor-derived dendritic cells. Both cells were grown in vitro as described above and eight
CD11cCD8 and CD11cCD8 populations were independent clones were injected into lethally irradiated
present in the CD45.2-positive compartment (Figure 4). recipients. Thymii from irradiated mice were analyzed
Thus, E2A-deficient bone marrow-derived cells have the for the expression of CD45.2, CD4, CD8, TCR, and
ability to develop into cells that express markers charac- TCR	 by flow cytometry (Figure 6A). Both  and 	
teristic of the T, NK, myeloid, erythroid, and dendritic T cells were present in donor-derived thymocytes (Fig-
cell lineages when transferred into irradiated recipients. ure 6A). Similarly, the spleen from reconstituted mice
We will refer to these cells as E2A-deficient hematopoi- contained myeloid and dendritic cells that were derived
etic progenitor cells. from the E2A-deficient donor derived hematopoietic
progenitor cells (Figure 6B). A significant population of
TER119-positive cells was also present in the bone mar-In Vitro Differentiation of E2A-Deficient
row (Figure 6C). May-Grunwald-Giemsa staining ofHematopoietic Progenitor Cells into Cells
sorted CD45.2TER119 cells confirmed that these cellsExpressing Markers Characteristic
were indeed erythroblasts (Figure 6C).of the Myeloid and NK Cell Lineages
To further confirm that the reconstitution capabilityThe data described above indicates that E2A-deficient
was a clonal property, donor cells carrying only onehematopoietic progenitor cells have the ability to devel-
detectable IgH DJ rearrangement were analyzed for theop in irradiated recipients into the myeloid and NK cell
presence of the IgH DJ joint in thymocytes, TER119,lineages. To determine whether E2A-deficient cells also
and Mac-1 bone marrow cells (Figure 6D). The datahave this ability in vitro, we incubated E2A-deficient
confirmed that CD45.2 cells in the thymus and thehematopoietic progenitor cells for a period of 6 days in
bone marrow carried the same IgH DJ joint (Figure 6D).the presence of M-CSF and stromal cells but in the
Furthermore, all eight clones showed multipotent hema-absence of IL7, SCF, and FLT-3L. A major proportion
topoietic potential, although we note that there was sig-of E2A-deficient cells differentiated in vitro to express
nificant variability in the ability of clones to reconstituteMac-1 and Gr-1, markers characteristic of the myeloid
hematopoietic development (data not shown). Thesecompartment (Figure 5A). However, we note that B220
data indicate that pluripotency is a clonal property oflevels were not completely downregulated in a signifi-
E2A-deficient hematopoietic progenitor cells.cant proportion of the Mac-1- and Gr-1-positive cells
(T.I., unpublished data). To determine whether E2A-defi-
cient hematopoietic progenitor cells also have the po- Modulation of Multilineage-Specific Gene
Transcription by Enforced Expression of E47tential to differentiate in vitro to become cells that ex-
press NK1.1, cells were incubated in the presence of As described above, our observations indicate that E2A-
deficient hematopoietic progenitor cells express lowIL15. A large fraction of E2A-deficient hematopoietic
progenitor cells showed significant levels of NK1.1 ex- levels of a number of B lineage-restricted genes. Previ-
E2A-Deficient Hematopoietic Progenitor Cells
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Figure 5. In Vitro Differentiation of E2A-Defi-
cient Hematopoietic Progenitor Cells into
Cells Expressing Markers Characteristic of
the Myeloid and NK Cell Lineages
(A) E2A-deficient hematopoietic progenitor
cells have the ability to develop into Mac-1-
and Gr-1-expressing cells. Cells were cul-
tured for 6 days in the presence of M-CSF
(20 ng/ml) and analyzed for the expression of
CD19, Mac-1, and Gr-1 by flow cytometry.
Left panel shows expression of CD19 and
Mac-1 prior to addition of M-CSF.
(B) E2A-deficient hematopoietic progenitor
cells have the ability to differentiate into cells
that express NK1.1. Cells were incubated in
the presence of IL15 (10 ng/ml) for a period
of 7 days.
ous data have suggested that E12 and/or E47 contribute genes are directly regulated by E47 (Figure 7C). The
repression of GATA-1, GATA-3, TCF-1, c-fms, andto the regulation of EBF, Pax5, 5, RAG1, and mb-1
gene transcription (Sigvardsson et al., 1997, 2002; Kee EPO-R transcription by E47 could not be examined using
these conditions, since treatment of cycloheximideand Murre, 1998; O’Riordan and Grosschedl, 1999). To
determine whether enforced expression of E47 has the alone resulted in substantial stabilization of these tran-
scripts (data not shown). Taken together, these dataability to activate B lineage-specific gene transcription,
an E47/estrogen receptor (E47/ER) fusion protein linked indicate that E2A proteins activate B lineage-specific
gene expression and repress the promiscuous tran-to human (hu) CD25 was reintroduced into E2A-deficient
progenitor B cells, employing retroviral-mediated gene scription of several regulators of other hematopoietic
cell lineages.transfer (Sayegh et al., 2003). Two days postinfection,
cells were treated for 6 hr with 4-hydroxytamoxifen
(4-OHT) to activate the E47/ER fusion protein, and Discussion
huCD25-positive cells were subsequently purified using
magnetic beads. RNA was isolated from the purified E2A-Deficient Hematopoietic Progenitor Cells
Previous studies have demonstrated that B cell develop-cells and analyzed for the presence of B lineage-specific
transcripts using RT-PCR (Figure 7A). Transcripts en- ment in E2A-deficient mice is blocked at the pro-B cell
stage (Bain et al., 1997a). The majority of E2A-deficientcoding mb-1, RAG1, and 5 were induced upon activat-
ing the E47/ER fusion protein for a 6 hr period. EBF and B cells are arrested in fraction A. However, a small frac-
tion of B cells in E2A-deficient mice have differentiatedPax5 transcripts levels were elevated in cells expressing
the E47/ER fusion protein (Figures 7A and 7B). In con- to become fraction B cells (Bain et al., 1997a). Here we
have isolated E2A-deficient hematopoietic progenitortrast, B29 and CD19 transcript levels were not increased
upon overexpression of E47 (data not shown). These cells that express B220, CD43, and HSA and carry IgH
DJ rearrangements, markers characteristic of fractiondata indicate that enforced expression of E47 rapidly
leads to the induction of a subset of B lineage-spe- B cells (Hardy et al., 1991). This raises the question as
to whether these cells represent fraction B cells. Wecific genes.
E2A-deficient hematopoietic progenitor cells simulta- note that although these cells carry IgH DJ rearrange-
ments and express B220 as well as HSA there are alsoneously express genes that are normally expressed in
different hematopoietic cell lineages (Figure 2D). To de- significant differences between fraction B cells and the
E2A-deficient hematopoietic progenitor cells. For exam-termine whether ectopic expression of E47 inhibits tran-
scription of non-B lineage-specific genes, mRNA was ple, fraction B cells express relatively high levels of
CD19, Pax5, mb-1, and 5 (Li et al., 1996). In contrast,analyzed for the expression of lineage-specific tran-
scripts by RT-PCR (Figure 7A). The levels of TCF-1 and E2A-deficient hematopoietic progenitor cells express
low levels of Pax5, mb-1, and 5 and lack CD19. Addi-c-fms transcripts were decreased upon enforced ex-
pression of E47 (Figures 7A and 7B). GATA-1 transcript tionally, E2A-deficient hematopoietic progenitor cells
are pluripotent whereas fraction B cells are committedlevels were also reduced (Figure 7B).
To determine whether E47 directly regulates the tar- to the B cell lineage (Allman et al., 1999). Thus, it is
likely that E2A-deficient hematopoietic progenitor cellsget genes, the E47/ER fusion protein was activated by
4-OHT in the presence of the protein synthesis inhibitor represent a stage in hematopoietic development prior
to that of fraction B cells.cycloheximide. Interestingly, the expression of EBF,
Pax5, 5, mb-1, and RAG1 were activated even in the In the bone marrow of E2A-deficient mice neither
V(D)J nor DJ rearrangements are detectable (Bain et al.,presence of cycloheximide, indicating that all of these
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Figure 6. The Ability of E2A-Deficient Hematopoietic Progenitor Cells to Reconstitute Hematopoietic Development Is a Clonal Property
Single cells were isolated from the E2A-deficient cell culture by cell sorting and grown in vitro for a period of 2 weeks. 1–5  106 cells derived
from these cultures were mixed with 2  105 wild-type bone marrow cells and transferred into irradiated hosts.
(A) Flow cytometric analysis of thymocytes derived from a clone of E2A-deficient hematopoietic progenitor cells. Thymocytes were examined
for the expression of CD4, CD8, TCR, and TCR	. Cells were gated on the CD45.2-positive population.
(B) Macrophages, granulocytes, dendritic cells, and NK cells present in the spleen develop from a clone of E2A-deficient hematopoietic
progenitor cells. Donor-derived bone marrow cells were examined for the expression of Mac-1, GR-1, CD8, CD11c, NK1.1, and CD3
.
(C) Flow cytometric analysis of bone marrow cells derived from a clone of E2A-deficient hematopoietic progenitor cells. Cells were gated on
the CD45.2-positive population and analyzed for the expression of TER119. May-Grunwald Giemsa staining of the CD45.2TER119 population
is shown (630).
(D) CD45.2-positive thymocytes, TER119, and Mac-1 cells carry IgHDJ rearrangements characteristic of the donor cells. DNA was isolated
from CD45.2-positive cells from bone marrow and thymus and analyzed for the presence of IgH DJ2 rearrangement.
1994, 1997a; Zhuang et al., 1994). In contrast, here we that were originally isolated from the bone marrow
lacked B220, CD43, and HSA expression and did notdemonstrate that whereas IgH V(D)J and IgL chain gene
rearrangements are absent, DJ joints are present in E2A- carry IgH DJ rearrangements. Upon culture these cells
differentiated to express B220, CD43, and HSA and initi-deficient hematopoietic progenitor cells. This raises the
question: Was IgH DJ rearrangement initiated and com- ated IgH DJ rearrangements but remained pluripotent.
E proteins have been shown to be required for pro-Bpleted upon culture in vitro? To this end, we have ana-
lyzed eight clones for the presence of IgH DJ rearrange- cell survival in culture (Kee et al., 2001). Although it
remains to be determined whether E2A proteins are im-ments. Interestingly, the clones showed a diverse set
of IgH DJ joints, with some of the clones not carrying portant for pro-B cell survival, it is conceivable that E2A-
deficient hematopoietic progenitor cells upon differenti-detectable IgH DJ joints (T.I. and C.M., unpublished
data). Thus, it is conceivable that the E2A-deficient pro- ating into the pro-B cell stage rapidly undergo cell death.
genitor B cells did not carry IgH DJ joints upon isolation
but that rearrangement was initiated and completed dur- E2A- and Pax5-Deficient Hematopoietic
Progenitor Cellsing the in vitro culture. Additionally, we note that al-
though the E2A-deficient cell line was isolated by deple- Previous studies have unambiguously demonstrated
that the Pax5 gene product plays a key role in commit-tion of lineage marker positive cells, including B220, the
cells cultured in vitro express significant levels of B220. ting progenitor cells to the B cell lineage (Nutt et al.,
1999; Rolink et al., 1999; Schaniel et al., 2002a,b). Pax5-Thus, we favor a scenario in which E2A-deficient cells
E2A-Deficient Hematopoietic Progenitor Cells
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Figure 7. Enforced Expression of E47 Activates B Lineage-Specific Gene Expression and Inhibits a Subset of Regulators Involved in the
Commitment of Alternative Lineages
(A) E2A-deficient hematopoietic progenitor cells were transduced with a retrovirus carrying an E47/ER fusion protein. As a control, a truncated
form of E47 was used that included only the bHLH domain. The transduced cells were treated with 4-OHT for 6 hr. RNA was isolated from
the transduced cells and analyzed for the expression of 5, mb-1, RAG1, EBF, Pax5, Tcf-1, GATA-1, GATA-3, EPO-R, c-fms, and -actin by
RT-PCR. Five-fold dilutions are shown.
(B) Fold activation or repression of the various transcripts by the wild-type form of E47 as compared to that of E47 encoding only the bHLH
domain is indicated.
(C) E47 directly regulates the expression of a subset of B lineage-specific transcripts. E2A-deficient cells were treated for 6 hr with 4-OHT in
the presence or absence of cycloheximide (CHX).
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deficient pro-B cells are pluripotential, and enforced DJ gene rearrangement, at least in vitro. However, we
note that HEB, E2-2, and EBF transcripts are present inexpression of Pax5 activates the expression of a subset
of B lineage-specific genes as well as inhibits the ex- the E2A-deficient progenitor cells. Since EBF has been
shown to have the ability to activate IgH DJ re-pression of factors involved in the development of differ-
ent hematopoietic cell lineages (Nutt et al., 1999). The arrangements in vitro, it is conceivable that EBF allows
DJ joining to proceed even in the absence of E2A (Ro-observations described here suggest that the E2A pro-
teins also contribute to B cell commitment. Similar to manow et al., 2000). The observations raise the question
as to why IgH DJ rearrangements cannot be detected inthat described for Pax5-deficient progenitor cells, E2A-
deficient hematopoietic progenitor cells have the poten- the bone marrow of E2A-deficient mice. One possibility
suggests itself. High levels of cytokines may allow E2A-tial to develop into multiple hematopoietic cell lineages.
Additionally, both Pax5 and E47 proteins have the ability deficient hematopoietic progenitor cells to survive to
undergo IgH DJ rearrangement in vitro.to activate B lineage-specific genes in hematopoietic
progenitor cells as well as to repress the transcription As indicated above, E2A-deficient hematopoietic pro-
genitor cells also express, unlike wild-type pro-B cells,of non-B lineage regulators. This raises the question as
to how E2A- and Pax5-deficient hematopoietic progeni- multiple genes that play essential roles in the develop-
ment of hematopoietic cells other than B cells. Thesetor cells differ from each other. E2A- and Pax5-deficient
hematopoietic progenitor cells each express B220, include GATA-1 and EPO-R for erythroid cells, GATA-3
and TCF-1 for T lineage cells, and G-CSFR and c-fms forCD43, and lack CD19 expression. Additionally, both cell
types carry IgH DJ rearrangements. However, there are myeloid cells. Simultaneous expression of genes from
different hematopoietic cell lineages is also a character-significant differences in the expression pattern be-
tween the two cell types. For example, Pax5-deficient istic property of multipotent hematopoietic progenitor
cells and is consistent with the progenitor cell status ofhematopoietic progenitor cells express EBF and 5 at
levels similar to that of wild-type pro-B cells (Nutt et al., E2A-deficient hematopoietic progenitor cells (Hu et al.,
1997). It is conceivable that the expression of these1998). In contrast, E2A-deficient hematopoietic progeni-
tor cells express relatively low levels of EBF and 5. genes allows E2A-deficient cells under appropriate con-
ditions to rapidly develop into different hematopoieticThere are also differences in the ability of E2A- and
Pax5-deficient hematopoietic progenitor cells to recon- cell lineages.
stitute myeloid and erythroid development. The kinetics
of reconstitution of these lineages in Pax5-deficient
Experimental Proceduresmice appears slower when compared to E2A-deficient
hematopoietic progenitor cells (Schaniel et al., 2002a). Isolation and Growth of E2A-Deficient Bone
Marrow-Derived Cells
Isolated E2A-deficient bone marrow cells were incubated with FITC-Regulation of Gene Expression by the E2A Proteins
conjugated B220, CD3, CD4, CD8, Thy1, Mac-1, Gr-1, NK1.1, andin Hematopoietic Progenitor Cells
Ter119. Lin cells were depleted with anti-FITC-conjugated beadsWhich of the E2A target genes are directly regulated
using MiniMACS separation columns (Miltenyi Biotec, Auburn, CA)
by E47? Our observations demonstrate that 5, mb-1, following the manufacturer’s recommendations. Approximately 1 
RAG1, Pax5, and EBF are directly regulated by E47 since 106 cells were obtained in the flowthrough fraction that was defined
as a Lin population. Lin cells were cultured in the presence of IL7these transcripts are elevated upon treatment with
(10 ng/ml), SCF (10 ng/ml), and FLT3 ligand (10 ng/ml) in Iscove’s4-OHT in the presence of cycloheximide. We note that
modified Dulbecco’s medium and in the presence of 10% FCS, 200the regulatory regions of 5 and mb-1 genes contain
U/ml penicillin, 200 mg/ml streptomycin and 4 mM L-glutamine.E2A responsive binding sites (Sigvardsson et al., 1997,
After 2 weeks of culture the cells were transferred and grown in the
2002). A conserved enhancer controlling RAG1 gene has presence of cyokines, and a subconfluent culture of S17 stromal
also been shown to contain E2A binding sites (Hsu et cells. E2A-deficient pro-B cells were grown under these conditions
for up to 6 months without a change in proliferative capacity. Clonesal., 2003). A role for E2A acting upstream of Pax5 has
derived from E2A-deficient pro-B cells were isolated by sorting sin-been suggested by a number of studies. Ectopic expres-
gle cells. Single cells were cultured on S17 stromal cells in thesion of the E2A and EBF in distinct cell types activates
presence of IL7, SCF, and FLT3-L. Wild-type B220 positive pro-BPax5 transcription (Kee and Murre, 1998; O’Riordan and
cells were isolated to over 95% purity from bone marrow by flow
Grosschedl, 1999). Genetic studies have suggested a sorting. Sorted B cells were cultured in the presence of IL7 and SCF
cooperative interaction between the E2A and EBF pro- in IMDM and 10% FCS.
teins to directly activate the expression of Pax5 (O’Rior-
dan and Grosschedl, 1999). In vivo studies have demon-
Flow Cytometric Analysisstrated that E2A proteins bind to sites present in the
1  106 cells were washed once in PBS and resuspended in 100 lEBF promoter and enforced expression of E12 in a mac-
of FACS buffer (1  PBS, 0.1% fetal calf serum, 0.01% sodium
rophage cell line activates EBF transcription (Kee and azide) containing 0.5 g of antibody. Cells were stained in the dark
Murre, 1998; Greenbaum and Zhuang, 2002). Consistent on ice for 30 min. After washing, the cells were resuspended in 1 ml
with these observations, the data described here show of FACS buffer and analyzed by flow cytometry. Antibodies used in
flow cytometric analysis were against CD4, CD8, TCR, TCR	,that enforced expression of E47 activates EBF transcrip-
CD3
, CD45, c-kit, B220, IgM, CD43, CD19, Mac-1, GR-1, TER119,tion, albeit modestly, in progenitor B cells.
NK1.1, CD11c, CD8, and Thy1. All antibodies were purchased fromIn vitro studies have indicated that the E2A proteins
Pharmingen (San Diego, CA). Anti-human CD25 conjugated to phy-have the ability to activate IgH DJ gene rearrangement
coerythrin was used to allow detection of transduced cells. Stained
(Schlissel et al., 1991b; Romanow et al., 2000; Goebel viable cells, as determined by forward and side scatter profile, were
et al., 2001). The observations described here indicate analyzed using a FACScalibur (Becton Dickinson, San Jose, CA) for
cell surface and cytoplasmic GFP expression.that E2A proteins are not essential for promoting IgH
E2A-Deficient Hematopoietic Progenitor Cells
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Adoptive Transfer of E2A-Deficient Hematopoietic Bain, G., Robanus Maandag, E.C., Izon, D.J., Armsen, D., Kruisbeek,
A.M., Weintraub, B.C., Krop, I., Schlissel, M.S., Feeney, A.J., vanProgenitor Cells
For adoptive transfer, cells were prepared in Hank’s balanced salt Roon, M., et al. (1994). E2A proteins are required for proper B cell
development and initiation of immunoglobulin gene rearrange-solution containing 5% fetal calf serum and 15 mM HEPES (pH 7.0).
1–5 106 E2A-deficient pro-B cells (CD45.2) were intravenously ments. Cell 79, 885–892.
injected into the tail vein of lethally irradiated (1000 rads) CD45.1 Bain, G., Robanus Maandag, E.C., te Riele, H.P.J., Feeney, A.J.,
recipient host mice with 2  105 CD45.1 whole BM cells. Cells Sheehy, A., Schlissel, M., Shinton, S.A., Hardy, R.R., and Murre, C.
isolated from lymphoid organs were analyzed by flow cytometry 4–6 (1997a). Both E12 and E47 allow commitment to the B cell lineage.
weeks postinjection. CD45 was used to distinguish host cells from Immunity 6, 145–154.
donor cells.
Bain, G., Engel, I., Robanus Maandag, E.C., te Riele, H.P.J., Voland,
J.R., Sharp, L.L., Chun, J., and Murre, C. (1997b). E2A deficient mice
Transduction of E2A-Deficient Hematopoietic show abnormalities in  T cell development and rapidly develop
Progenitor Cells malignant T cell lymphomas. Mol. Cell. Biol. 17, 4782–4791.
Retroviral constructs were used that harbor both the E47 and EGFP
Bain, G., Cravatt, C.B., Loomans, C., Alberola-Ila, J., Hedrick, S.M.,genes separated by an internal ribosome entry site (IRES) (Quong et
and Murre, C. (2001). Regulation of the helix-loop-helix proteins, E2Aal., 1999). The huCD25 retroviral vector was generated by replacing
and Id3, by the Ras-ERK MAPK cascade. Nat. Immunol. 2, 165–171.EGFP with human CD25 (huCD25). The construct encoding the es-
Envers, T., and Greaves, M. (1998). Loops, lineage and leukemia.trogen receptor/E47 fusion protein has been described (Sayegh et
Cell 94, 9–12.al., 2003). Virus was generated by transfection of the various con-
structs into the φnx-eco packaging cell line using calcium phos- Goebel, P., Janney, N., Valenzuela, J.R., Romanow, W.R., Murre,
phate precipitation. E2A-deficient hematopoietic progenitor cells C. and Feeney, A.J. (2001). Localized gene-specific induction of
were transduced as described previously (Quong et al., 1999). On accessibility to V(D)J recombination induced by E2A and early B
average, 50% of transduced cells expressed huCD25 at the cell cell factor in nonlymphoid cells. J. Exp. Med. 194, 645–656.
surface. E47/ER was induced for 6 hr in the presence of 1M 4-OHT. Greenbaum, S., and Zhuang, Y. (2002). Identification of E2A target
To demonstrate direct regulation of target gene expression, cells genes in B lymphocyte development by using a gene tagging-based
were incubated with 50 g/ml cycloheximide. chromatin immunoprecipitation system. Proc. Natl. Acad. Sci. USA
99, 15030–15035.
RNA Extraction and RT-PCR
Hardy, R.R., Carmack, C.E., Shinton, S.A., Kemp, J.D., and Haya-
E2A-deficient pro-B cells were transduced as described previously
kawa, K. (1991). Resolution and characterization of pro-B and pre-
(Quong et al., 1999). E47ER-infected cells were harvested 48 hr
pro-B cell stages in normal mouse bone marrow. J. Exp. Med.
following infection cultured in Iscove’s Dulbecco’s modified medium
173, 1213–1225.
lacking the pH indicator phenol red. Purification of huCD25 cells
Hesslein, D.G., Pflugh, D.L., Chowdhury, D., Bothwell, A.L., Sen,was performed with MiniMACS LS columns (Miltenyi Biotec, Auburn,
R. and Schatz, D.G. (2003). Pax5 is required for recombination ofCA). Extraction of mRNA, synthesis of cDNA, and each PCR reaction
transcribed, acetylated, 5 IgH V gene segments. Genes Dev. 17,were performed as previously described (Sigvardsson et al., 1997;
37–42.Kawamoto et al., 2000; Mikkola et al., 2002). The cDNA was diluted
Hsu, L., Lauring, J., Liang, H., Greenbaum, S., Cado, D., Zhuang,5-fold in water for each serial dilution point.
Y., and Schlissel, M.S. (2003). A conserved transcriptional enhancer
regulates RAG expression in developing B cells. Immunity 19,PCR Analysis of IgH DJ and V(D)J and TCR
105–119.DJ Rearrangements
The analysis of IgH and TCR gene rearrangement was performed Hu, M., Krause, D., Shrakis, S., Dexter, M., Heyworth, C., and Enver,
as described previously (Schlissel et al., 1991a; Kawamoto et al., T. (1997). Multilineage gene expression precedes commitment in
2000). In brief, genomic DNA was prepared from E2A-deficient he- the hematopoietic stem cell system. Genes Dev. 11, 774–785.
matopoietic progenitor cells using a DNeasy tissue kit (Qiagen). Katsura, Y. (2002). Redefinition of lymphoid progenitors. Nat. Rev.
The reaction volume was 20 l, containing 2 l of genomic DNA Immunol. 2, 127–132.
(equivalent to 104 cells), 2.0 l of 10 PCR buffer, 0.16 l of 25
Kawamoto, H., Ikawa, T., Ohmura, K., Fujimoto, S., and Katsura, Y.mM dNTPs, 4 pmol of each primer, and 0.6 U of Taq polymerase
(2000). T cell progenitors emerge earlier than B cell progenitors in(Amersham). The PCR reactions were performed as follows: 5 min
the murine fetal liver. Immunity 12, 441–450.at 94C followed by 35 cycles for D-J rearrangement or 30 cycles
Kee, B.L., and Murre, C. (1998). Induction of early B cell factorfor IgH DJ and V(D)J rearrangement of 1 min at 94C, 1 min at 60C,
(EBF) and multiple B lineage genes by the basic helix-loop-helix2 min at 72, and finally 10 min at 72C. Amplified DNA products were
transcription factor E12. J. Exp. Med. 188, 699–713.analyzed on an agarose gel followed by ethidium bromide staining.
Kee, B.L., Rivera, R.R., and Murre, C. (2001). Id3 inhibits B lympho-
cyte progenitor growth and survival in response to TGF-. NatureAcknowledgments
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